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Expression of a cut-related homeobox gene in developing and polycystic
mouse kidney. cut is a diverged homeobox gene that is essential for normal
development of the Malpighian tubules in Drosophila melanogaster. Ho-
mologues of Drosophila cut that encode transcriptional repressors have
been identified in several mammalian species and cell lineages. We
examined the expression of a murine cut homologue (named Cux-1) in the
developing mouse using Northern blot analysis and in situ hybridization.
At 12.5 d.p.c. and 13.5 d.p.c., Cux-1 was highly expressed in a subset of
embryonic tissues, including the developing metanephros. Within the
metanephros, Cux-1 was expressed in the nephrogenic zone including both
mesenchymal cells (uninduced and condensed mesenchyme) and epithe-
hal cells (ureteric buds, renal vesicles, S-shaped bodies). During later
stages of nephrogenesis, Cux-1 was down-regulated such that there was
minimal expression in mature glomeruli and tubules. In addition, Cux-1
was detected in the mesonephros, mesonephric duct, and bladder. Expres-
sion of Cux-] was also examined in polycystic kidneys from C57BL/6J-cpk/
cpk mice. At 21 days of age, Cux-1 was highly expressed in cyst epithehium
of polycystic kidneys but was minimally expressed in kidneys from
phenotypically normal littermates. These results demonstrate that a
cut-related homeobox gene is expressed in the developing kidney and
urinary tract of the mouse. Expression of Cu.x-1 in the kidney is inversely
related to degree of cellular differentiation. Cux-1 may encode a transcrip-
tional repressor that inhibits terminally differentiated gene expression
during early stages of nephrogenesis.
Homeobox-containing genes encode transcription factors that
may be important in early development of the mammalian kidney
and urinary tract. The homeobox is a 183-bp nucleotide sequence
that was first identified in homeotic selector genes of the Anten-
napedia/Bithorax complexes (HOM-C) of Drosophila melano-
gaster [1]. In Drosophila, HOM genes are responsible for pattern
formation along the anteroposterior axis and specification of body
segment identity [2]. The protein sequence encoded by the
homeobox (called a homeodomain) forms a helix-turn-helix motif
that mediates sequence-specific DNA binding [1, 3]. Thus, ho-
meodomain proteins are nuclear transcription factors that regu-
late the spatiotemporal pattern of expression of target genes and
thereby participate in cell fate determination during Drosophila
embryogenesis. Homeobox-containing genes have also been iden-
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tified in higher metazoans including Xenopus, rodents, and hu-
mans. In general, mammalian homeobox genes can be divided
into the Hox genes (also known asAntennapedia (Antp)-type) and
the diverged homeobox genes (non-Antp-type) [4]. The mamma-
lian Hox genes are structurally and evolutionarily related to the
Drosophila HOM genes. Like the HOM genes, Hox genes are
clustered on the chromosome and encode homeodomains that are
similar in sequence (60 to 90% identical) to the archetypal Antp
gene of Drosophila. Hox genes are primarily expressed in meso-
derm and ectoderm at developmentally defined stages, and tar-
geted disruption of Hox genes by homologous recombination in
embryonic stem cells has provided direct evidence for an essential
role in pattern formation in mammals [2, 51. The diverged
(non-Antp-type) homeobox genes are not clustered and encode
homeodomains that are less similar in sequence (< 50% identical)
to Antp. Diverged homeobox-containing genes, such as members
of the POU family, also encode transcription factors that regulate
developmental and/or tissue-specific gene expression [4, 5]. Both
Hox genes and diverged homeobox genes may be involved in
kidney development in mammals. For example, targeted disrup-
tion of the diverged homeobox gene Limi or combined disruption
of both Hoxa-JI and Hoxd-11 result in renal agenesis or renal
hypoplasia [6, 71.
The cut locus of Drosophila melanogaster contains a diverged
homeobox gene that is required for development of Malpighian
tubules, the insect excretory organ that serves as a primitive
kidney. Null mutations or deletions of the cut locus are embryonic
lethal and result in failure of Malpighian tubule development [8,
9]. The cut gene is also required for differentiation of external
sensory organs comprising the peripheral nervous system, as well
as normal development of the central nervous system and spi-
racles. The Drosophila cut gene encodes a 2,175-amino-acid
protein that contains a homeodomain near the carboxyl-terminus
and three internal repeats (called Cut repeats), each consisting of
60 amino acids with 55 to 68% amino acid identity [10]. The cut
gene products have been identified as 280 kDa and 320 kDa
proteins that are normally expressed in nuclei of epithelial cells
lining the Malpighian tubules [8]. In the developing embryo, Cut
protein is present in the anlagen of the Malpighian tubules next to
the hindgut. Null mutants of cut produce either no Cut protein or
truncated proteins with an aberrant cytoplasmic localization. In
mutants with cytoplasmic localization of Cut, the anlagen of the
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Malpighian tubules remains an undifferentiated group of cells
associated with the hindgut [8].
Mammalian homologues of Drosophila Cut have been identi-
fied in the human, mouse, dog, and rat and are designated
CCAAT displacement protein (CDP), Cux, Clox, and CDP2,
respectively [11—141. These proteins are encoded by orthologous
genes and contain the three Cut repeats in addition to the
Cut-related homeodomain. In all cases examined to date, the
mammalian Cut homologues function as transcriptional repres-
sors [12, 13, 15—17]. In particular, Cut homologues inhibit the
expression of genes specifying terminal differentiation in multiple
cell lineages. Because cut was required for Malpighian tubule
development in Drosophila, we hypothesized that cut homologues
might be important for the development of the kidney and urinary
tract in mammals. The mammalian kidney and insect Malpighian
tubules are functionally related since they are both excretory and
osmoregulatory organs. Moreover, there exist common morpho-
logic and functional features between epithelial cells comprising
Malpighian tubules and the mammalian nephron, including
shared transport mechanisms [18]. However, substantial differ-
ences also exist, such as the absence of pressure filtration in
Malpighian tubules. Recent studies suggest that diverged ho-
meobox genes may exhibit evolutionary conservation of function
as well as structure [51. To begin examining this possibility for the
cut genes we investigated the spatiotemporal patterns of expres-
sion of a murine cut homologue (named Cwc-1) in the mouse
embryo, with particular emphasis on the developing kidney and
urinary tract.
Methods
cDNA cloning
cDNAs encoding Cux-1 were amplified from neonatal mouse
kidney eDNA using RT-PCR. Degenerate primers (5'-GAR-
GARCARAARGARGCNYT-3' and 5' -CATNCKRTGRTFRT-
GRAACCA-3') were synthesized based on the sequence of the
Drosophila cut homeobox and mouse codon preference. Condi-
tions for PCR were as described previously [19]. The template was
10 ng of first-strand eDNA that was synthesized from neonatal
mouse kidney poly(A) RNA using reverse transcriptase. Forty-
five cycles of PCR were performed, each consisting of incubation
at 94°C for one minute, 42°C or 52°C for one minute, and 72°C for
one minute. Reaction products were resolved on low-melting
agarose gels, and products of the desired size were cloned into
pBluescript. To obtain longer cDNAs encoding Cux-1, a mouse
testis cDNA library (Clontech) was screened with the 32P-labeled
PCR product using methods similar to those described previously
[19]. Positive clones were plaque-purified, cDNA inserts were
subcloned into pBluescript, and the nucleotide sequence was
determined by dideoxynucleotide chain termination.
In situ hybridization
In situ hybridization was performed using 33P-labeled ribo-
probes as described previously [19]. Briefly, mouse embryos or
tissues were fixed in 4% paraformaldehyde, cryoprotected in 30%
sucrose, then embedded in OCT compound and frozen. Ten
micrometer-thick cryosections were cut and mounted on Vecta-
bond-coated slides. Prior to use, sections were treated sequen-
tially with 0.2 M HC1, Pronase (0.16 mg/mi), and 0.026 M acetic
anhydride, then dehydrated. Radiolabeled RNA probes were
generated by in vitro transcription as described previously [20],
except that the reactions contained [a33PJUTP (100 xCi, 3000
Ci/mmol) rather than [a32P]UTP. The DNA template was a
linearized pBluescript plasmid which contained a 446-bp HindIII/
EcoRI restriction fragment that included a portion of the third cut
repeat and the entire homeobox of Cux-1 (nucleotides 3275—3720
in GenBank accession number X75013). Antisense and sense
33P-labeled riboprobes were transcribed in separate reactions
using T7 or T3 RNA polymerase, respectively. Tissue sections
were hybridized overnight with radiolabeled antisense or sense
riboprobes (3 x 106 cpm) then washed as described previously
[191. Autoradiography was performed using Hyperfilm. In addi-
tion, sections were dipped in Ilford K5D emulsion, exposed at
4°C, then developed with Kodak D-19. Slides were counterstained
with 0.02% methylene blue and 0.05% azure A. Brightfield and
darkfield microscopy was performed using a Wild model M400
Photomakroskop and Leitz Aristoplan microscope, and photomi-
crographs were taken with Kodak TMAX black-and-white print
film.
Northern blot analysis
Total RNA was prepared from isolated metanephroi by homog-
enization in guanidinium isothiocyanate and CsCl ultracentrifu-
gation, as described previously [20]. Following electrophoresis,
RNA was transferred to nylon membranes (Hybond-N), then
hybridized with a Cux-1 antisense 32P-labeled riboprobe (nucleo-
tides 3275—3720 in GenBank accession number X75013). Hybrid-
ization was performed at 60°C in 5 X Denhardt's, 50% form-
amide, 200 jxg/ml salmon sperm DNA, 200 xg/ml yeast tRNA, 200
jxg/ml SDS, 2 X 106 cpm/ml radiolabeled probe. Northern blots
were washed twice in 0.1 X SSC, 0.1% SDS at 68°C then exposed
to Hyperfilm (Amersham) with a single intensifying screen. As a
control for equivalent loading, Northern blots were stripped and
re-hybridized with the 1.3-kb PstI fragment of pRGAPD-13 encoding
rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as de-
scribed previously [19].
Materials
Mice (strains CD-i, C57BL/6J, or C57BL/6J-cpk/cpk) were
from Charles River or The Jackson Laboratory. To obtain em-
bryos at defined developmental stages, mice were randomly
mated, and the morning of detection of copulatory plugs was
designated 0.5 d.p.c. At selected times, pregnant mice were
euthanized by cervical dislocation, and the embryos were re-
moved. Gestational age was verified according to the criteria of
Theiler. Restriction endonucleases and DNA-modifying enzymes
were obtained from New England Biolabs, Promega, or Boehr-
inger Mannheim. T3 and T7 RNA polymerases were from Strat-
agene. Radionucleotides and nylon filters were from Amersham
or Dupont NEN. Oligonucleotides were synthesized by the Yale
Department of Pathology, the Keck Foundation Biotechnology
Resource Laboratory at Yale, or Oiigos Etc. Other reagents were
of molecular biological grade from Sigma, Boehringer-Mann-
heim, or U.S. Biochemicals.
Results
Detection of Cux-1 in mouse kidney
The purpose of these studies was to determine whether homo-
logues of a homeobox gene that was essential for Malpighian
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tubule formation in Drosophila were also expressed in the devel-
oping kidney of mammals. At the time our studies were initiated,
no mammalian cut homologues had yet been cloned. Accordingly,
we used PCR to detect expression of homologues of Drosophila
cut in neonatal mouse kidney. Since nephrogenesis is ongoing at
birth in rodents, transcription factors required for nephrogenesis
should be detectable at this developmental stage. Degenerate
oligonucleotide primers were synthesized based on the sequence
of the homeobox of Drosophila cut and mouse codon usage. PCR
amplification of cDNA synthesized from kidneys of neonatal mice
yielded products of 300 bp, 135 bp, and 100 bp (not shown). PCR
products were also obtained following amplification of genomic
DNA but were absent in reactions without template (negative
control). Since the expected size was 135 bp based on the
Drosophila sequence, the 135-bp PCR products were cloned into
pBluescript and sequenced. Of 26 independent transformants, six
were related to Drosophila cut and had an identical sequence
(which we named Gus-i). Four clones obtained from amplifica-
tion of genomic DNA encoded a distinct cut homologue (named
Cux-2) that was not expressed in kidney and will be described
elsewhere (Quaggin et a!, manuscript submitted). Additional
Cux-i cDNA clones were sought by library screening, and we
obtained three overlapping clones that together contained 2565
bp of the Gus-i sequence. While our studies were ongoing, four
groups independently reported cloning of mammalian cut homo-
logues from human, dog, mouse, and rat [11—14J. Sequence
comparison revealed that Gus-i was identical to a gene previously
named Cus which was cloned from mouse neuroblastoma (N2a)
cells [121.' The composite sequence of Cux-i was identical to
nucleotides 2055—4619 of Cux (GenBank accession number
X75013) except for five minor differences that could represent
sequencing errors, strain differences, or allelic variations. These
nucleotide sequence differences resulted in a single conservative
amino acid substitution (Ala-1297 to Gly).2
Expression of Cux-i in the developing mouse
Amplification of Cux-1 from neonatal kidney cDNA suggested
that the gene was expressed in the developing metanephros. To
examine the embryonic pattern of expression of Cux-I in greater
detail, in situ hybridization was performed. Previous studies by
others using 35S-labeled probes were unable to localize Cux
transcripts in the developing mouse [12J. Accordingly, we per-
formed experiments using 33P-labeled riboprobes to provide
increased sensitivity. Both sense and antisense riboprobes were
transcribed from a 446-bp restriction fragment that contained a
portion of the third cut repeat and the cut homeobox. Northern
blot analysis (Fig. 5 and additional data not shown) verified that
this probe was specific for Gus-i and did not cross-hybridize with
Cus-2. Figure 1 shows that expression of Cux-i was spatially
restricted in the developing mouse. At 12.5 d.p.c., Cus-i was
'A standardized nomenclature does not exist for the mammalian cut
homologues. A murine cut homologue cloned by Valarché et al was
previously named Gus in accordance with the nomenclature recommen-
dations of Scott. Because our studies reveal the existence of at least two
murine cut homologues, we have used the name Gus-I to designate the
clones which correspond to the previously published sequence of Gus
(GenBank accession number X75013).2Nucleotide and amino acid sequences of murine Gus-i have been
deposited in the GenBank database (accession number U46683).
highly expressed in the developing brain, particularly the basal
ganglia, neocortex, midbrain, and cerebellar primordium. At this
stage, weak hybridization signals were also detected in the meta-
nephros and lung. At 13.5 d.p.c., Cus-i expression persisted in the
brain, but a burst of Cwc-i expression was noted in the developing
metanephros and lung. As well, Cus-i transcripts were detected in
the precartilage primordium of the limb, dorsal root ganglia, and
sensory whiskers (mystacial vibrissae). In contrast, there was no
expression of Cu.x-i in liver at any developmental stage examined.
Hybridization was specific since there was no signal produced
using sense Cus-i riboprobes (Fig. I c, f).
Expression of Cux-i in the developing metanephros
Figure 2 shows the expression of Cux-i in the metanephros in
greater detail. During nephrogenesis, maturing nephrons proceed
through an orderly series of developmental stages that can be
distinguished morphologically. These have been designated renal
vesicle (stage I), S-shaped body (stage II), capillary loop develop-
ment (stage III), and maturing glomerulus (stage IV) [211.
Moreover, the developing metanephros exhibits a characteristic
spatial organization in which nephrons at the earliest stages of
development (stages I and II) are restricted to the nephrogenic
zone at the periphery whereas progressively more mature
nephrons (stages III and IV) are located towards the center of the
kidney. Thus, a single cross-section of a late gestation embryonic
kidney displays a centripetal gradient of nephrons in all stages of
development. Figure 2 shows that expression of Cus-i in the
developing kidney was not uniform. Rather, as indicated by the
rim of abundant silver grains, Cux-i was highly expressed in the
nephrogenic zone which lies immediately below the renal capsule
but was less abundantly expressed in the juxtamedullary region in
the center of the metanephros. Figure 3 shows higher magnifica-
tion brightfield images of the nephrogenic zone of the developing
metanephros at 12.5—13.5 d.p.c. Cux-i mRNA was expressed in
branching ureteric buds, renal vesicles, S-shaped bodies, and
surrounding metanephric mesenchyme. Thus, Cux-i was not
restricted to the descendants of a single cell lineage, but was
expressed in immature nephron structures derived from both the
ureteric bud and metanephric blastema.
Figure 4 shows expression of Cus-i in the metanephros at three
days p.p., a developmental stage at which a well-established
gradient exists between nephrons in the earliest developmental
stages (stages I and II) located in the periphery and mature
nephrons (stage IV) in the juxtamedullary region. Cus-1 was
highly expressed in both mesenchymal and epithelial cell com-
partments in the subcapsular nephrogenic zone. Abundant silver
grains were present in S-shaped bodies near the renal capsule. In
contrast, expression of Gus-i was down-regulated with further
nephron maturation such that no silver grains were detected in
mature glomeruli or tubules in the juxtamedullaiy region. Cus-i
was also moderately expressed in developing tubules in the renal
medulla and papilla.
In the mouse, nephrogenesis commences at 11.5 d.p.c. and
continues for approximately one week pp. but is absent in the
adult kidney. The temporal pattern of expression of Cus-i was
examined using Northern blot analysis. Figure 5 shows that the
Gus-i transcript in the developing metanephros was 13 kb and was
most highly expressed at the earliest embryonic stage examined
(13.5 d.p.c.). Thereafter, expression of Cus-i gradually declined,
and only low levels of Gus-i expression were observed in the adult
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Fig. 1. Expression of Cur-i in mouse embtyos. Brightfield (a, d) and darkfield (b, c, e, I) illumination of cryosections of embryos at 12.5 d.p.c. (a-c) or
13.5 d.p.c. (d-f) following in situ hybridization with °3P-labeled antisense (a, b, d, e) or sense (c, f) Cur-i riboprobes. At 12.5 d.p.c., Cur-I is most highly
expressed in basal ganglia (B) and ventricular and subvcntricular zones of the neocortex (N), roof of the midbrain (M), and cerebellar primordium (C).
Lower levels of expression were observed in the mctanephros (K) and lung (L). At 13.5 d.p.c., Cur-i expression is highest in the metanephros (K), lung
(L), precartilage primordium in the limb (P), ventricular zone of the central nervous system (V), sensory whiskers (mystacial vibrissae) (W), and dorsal
root ganglia (arrowheads). Bar, 1 mm.
kidney. Thus, expression of Cux-i correlates with the time course
of nephrogenesis. When in situ hybridization was performed on
sections of adult kidney, the density of silver grains was not above
background (data not shown). Thus, it was not possible to
determine the spatial pattern of expression of Cur-i in the adult
kidney, presumably because of the relatively low level of expres-
sion compared with the fetal kidney and the relative insensitivity
of the in situ hybridization method. By Northern blot analysis, the
13-kb Cur-i transcript could be detected in Si cells, S3 cells, and
MCT cells [22, 23] which are derived from the proximal tubules of
the adult mouse kidney (data not shown). However, it was not
known whether Cur-i was also expressed in other nephrori
segments or non-epithelial cells of the adult kidney.
Expression of Cur-i in the mesonephros and bladder
Similar to the metanephros, the mesonephros arises from
inductive interactions between the pronephric duct and the meso-
nephric mesenchyme. Whereas the mesonephros is the definitive
kidney of fish and amphibians, it is a transient excretory organ in
amniotes, The mesonephric duct regresses to form vestigial
structures in female mammals but forms the genital tract in males.
Figure 2 shows that Cur-i was expressed in both the mesonephros
and mesonephric duct. Figure 6 shows that Cur-i was also highly
expressed in the developing bladder. Expression of Cur-i was
most pronounced in the transitional cell epithelium, but there was
also expression in the smooth muscle layer. The transitional cell
epithelium of the bladder originates as a single layer of cuboidal
cells which proliferate between 16 d.p.c. and 19 d.p.c. to form a
multilayered epithelium. At 17 d.p.c., the intermediate cell layer
of the transitional epithelium forms a permeability barrier, which
after sloughing of the superficial cells, becomes the apical cell
epithelial layer. Thus, Cur-i was expressed in both proliferating
and differentiating cells of the transitional cell epithelium.
Expression of Cur-I in polycystic kidney
The expression of Cur-i was examined in polycystic kidneys
from C57BL/6J-cpk/cpk mice. cpk (congenital polycystic kidney) is
an autosomal recessive mutation that produces bilateral polycystic
kidneys that resemble human autosomal recessive polycystic
kidney disease [24, 25]. Cyst formation begins at 17 d.p.c. and
progresses throughout the early postpartum period. Affected mice
generally die of uremia at 3 to 4 weeks of age. Kidneys were
isolated from mice homozygous for the cpk mutation at 21 days of
age, a stage at which cyst formation is well-established, and the
expression of Cur-i was examined by in situ hybridization. For
comparison, expression was also studied in kidneys from pheno-
typically normal, age-matched littermates (wild-type or heterozy-
gous). Figure 7a shows that at 21 days of age, kidneys from
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Fig. 2. Expression of Cux-] in the embiyonic
urinary system. Brightfield (a) and darkfield (b)
illumination of cryosections of a 13.5 d.p.c.
embryo following in situ hybridization with a
33P-labeled antisense Cux-] riboprobe. There is
intense expression of Cux-I in the subcapsular
nephrogenic zone of the metanephros (K). In
addition, Cux-] is expressed in the mesonephros
(M) and mesonephric duct (arrow). Cux-1 is
also highly expressed in dorsal root ganglia
(arrowheads) but is absent from liver (L) and
only weakly expressed in cartilage (C). Bar, 0.5
mm.
homozygous cpk/cpk mice exhibited large cysts, loss of the corti-
comedullasy boundary, and replacement of normal renal paren-
chyma as described previously [24]. By in situ hybridization, Cux-1
was highly expressed in the cyst epithelium of polycystic kidneys
(Fig. 7b). In contrast, there was minimal expression of Cux-1 in
kidneys from normal mice of identical age (Fig. 7d).
Discussion
To date, mammalian cut homologues have been cloned from
human, dog, rat, and mouse [11—14]. Previous studies identified
expression of Cut homologues in several cell lines and tissues, but
expression in the kidney and urinary tract has not been reported.
In the present study, we used in situ hybridization with 33P-labeled
riboprobes to identify the major sites of expression of Cux-1
during late gestation in the mouse. We observed that high-level
expression of Cu.x-1 transcripts was restricted to a subset of
embryonic tissues including brain, lung, limbs, dorsal root ganglia,
and sensory whiskers. Expression of Cux-1 in tissues of different
embryonic origins and different anatomic locations was consistent
with previous studies which suggested that mammalian cut homo-
logues were involved in determination of cell fate in multiple cell
lineages rather than regional specification [11, 13]. Importantly,
we observed that Cux-1 was also highly expressed in the develop-
ing kidney and urinary tract. Although a previous study reported
that Cux (Cux-1) was not expressed in the mouse kidney [12], we
observed expression of Cux-1 in the developing metanephros by
both Northern blot analysis and in situ hybridization. The level of
expression in the adult kidney was lower than in the embryonic
kidney, which may have contributed to the failure to detect Cux in
the earlier study.
The expression of Cwc-1 in the developing metanephros was
stage-dependent. By in situ hybridization, highest expression was
in the nephrogenic zone, including both developing epithelial
structures (renal vesicles, S-shaped bodies) as well as surrounding
nephrogenic mesenchyme. During later stages of nephrogenesis,
Cux-1 was down-regulated such that expression was minimal in
maturing glomeruli and tubules. Northern blot analysis verified
that the highest expression of Cux-1 was observed at 13.5 d.p.c.,
which was the earliest stage examined after the onset of meta-
nephric induction at 11.5 d.p.c. Cux-1 was also expressed during
the first week p.p. (when nephrogenesis is ongoing in rodents) but
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Fig. 3. Expression of Cux-1 in the developing metanephros. (a) High-magnification brightfield image of the cortical region of a 12.5 d.p.c. metanephros
reveals silver grains in an S-shaped body (S) and the ampullae of a ureteric bud (U). P, presumptive podocyte cells. (b) High magnification brightfield
image of the nephrogenic zone of a 13.5 d.p.c. metanephros shows abundant silver grains in the branching ureteric bud (U), renal vesicle (V), and
uninduced and condensed mesenchyme (M). Bar, 10 sm.
was minimally expressed in the adult kidney (in which nephrogen-
esis is absent). Taken together, these results demonstrate that
Cux-1 is transiently and highly expressed during early stages of
nephrogenesis. Stage-dependent expression is a characteristic
feature of transcription factors that are known to be involved in
nephrogenesis, such as WT-1, Pax-2, and Myc (reviewed in [26]).
Moreover, down-regulation of transcription factors that are tran-
siently expressed during early nephrogenesis appears to be re-
quired for normal kidney development. For example, c-myc is
transiently expressed in uninduced mesenchyme, renal vesicles,
and S-shaped bodies but is down-regulated later in nephrogenesis
and is absent from mature tubules [27]. Prevention of c-myc
down-regulation by constitutive expression in transgenic mice
results in renal tubular hyperplasia and cyst formation [28]. Thus,
the observation of stage-dependent expression of Cux-1 in the
metanephros is consistent with a role in regulation of gene
expression during early nephrogenesis and suggests that subse-
quent down-regulation of Cux-1 may be required for normal
kidney development.
All mammalian Cut homologues examined to date appear to
function as transcriptional repressors. Known target genes include
neural cell adhesion molecule (Ncam), /3-cardiac myosin heavy
chain (/3-MHC), and the cytochrome b heavy chain (gp9l-phox),
which are markers of terminal differentiation in neural, cardiac,
and myeloid cells, respectively [12, 13, 15]. Moreover, Cut homo-
logues are highly expressed in proliferating precursor cells such as
chondroblasts and myoblasts but are down-regulated in terminally
differentiated cells such as chondrocytes and myotubes [13].
During terminal differentiation of myeloid cells, down-regulation
of CDP coincides with induction of gp9l-phox expression [15].
Based on these results, mammalian Cut homologues are believed
to function as transcriptional repressors that inhibit terminally
differentiated gene expression in committed progenitor cells [13,
151. The pattern of expression of Cux-1 that we observed in the
developing kidney supports this model of Cut homologue func-
tion. In the developing metanephros, an inverse relationship exists
between cellular proliferation and cytodifferentiation. Studies
using BrdU incorporation, 3H-thymidine labeling, and PCNA
immunohistochemistry indicate that the highest rates of cellular
proliferation in the metanephros are observed in the nephrogenic
zone including uninduced mesenchyme, condensed mesenchyme,
renal vesicles, S-shaped bodies, and ureteric buds. Lower levels of
proliferation are observed in epithelial cells below the nephro-
genic zone, and maturing glomeruli are quiescent [27, 29, 301.
Conversely, markers of terminal differentiation, such as gp330
(megalin), are absent from early nephric structures (renal vesicle,
S-shaped body) and are only induced in maturing proximal
tubules after the capillary loop stage [31]. In the present study, we
found that Cux-1 was most highly expressed in both mesenchymal
cells and epithelial cells in the nephrogenic zone, which are
actively proliferating and relatively undifferentiated, but was
minimally expressed in maturing nephrons, which are quiescent
and terminally differentiated. These results support a model in
which Cux-1 functions as a transcriptional repressor in the devel-
oping kidney to inhibit terminally differentiated gene expression
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Fig. 5. Temporal pattern of expression of Cux-1 during nephrogenesis. (A)
Total cellular RNA (10 jig) was isolated from metanephroi at 13.5 d.p.c.,
14.5 d.p.c., 16.5 d.p.c., one day p.p., eight days p.p., and adult kidney then
hybridized to an antisense Cux-1 riboprobe. Autoradiogram was exposed
for eight days. Positions of molecular weight standards (in kb) are shown
in the left. Arrow indicates the 13-kb Cux-1 transcript. (B) Northern blot
was re-probed with pRGAPD-13 (GAPDH) to demonstrate equivalent
sample loading.
Fig. 4. Expression of Cux-J in the neonatal kidney. Darkfield (a) and
brightfield (b.d) illumination of cryosections of kidney at three days pp.
following in Situ hybridization with a 33P-labeled antisense Cux-1 ribo-
probe. Hybridization signal is most intense in the subcapsular nephrogenic
zone (NZ). Hybridization signal is also present in developing tubules in
the renal medulla (M) and papilla (P) but is absent from the juxtamed-
ullary renal cortex (C) except for regions corresponding to the medullary
rays. (d) Higher magnification brightfield image of an S-shaped body in
the nephrogenic zone (indicated by the open arrow in b) shows abundant
expression of Cux-]. (c) Higher magnification brightfield image of the
renal cortex shows minimal expression of Cux-1 in a maturing glomerulus
(indicated by the closed arrow in b) and adjacent tubular epithelial cells.
Bars: 0.3 mm (a, b); 10 jrm (c, d).
in proliferating cells during early stages of nephrogenesis. Down-
regulation of Cux-1 expression in mature nephrons would then be
permissive for the activation of genes specifying terminal epithe-
hal cell differentiation.
To verify the relationship between expression of Cux-1 and
kidney development using a different experimental model, we
studied expression in polycystic kidneys from C57BLI6J-cpk/cpk
mice. Polycystic kidneys represent a developmental abnormality in
which cyst epithehial cells remain mitotically active and relatively
undifferentiated compared with normal tubule epithelial cells.
Compared with normal tubule epithelial cells, cyst epithelial cells
exhibit elevated mitotic indices [24, 32], moderate elevations in
histone H4 [24], and increased expression of c-myc and other
nuclear protooncogenes that are associated with cellular prolifer-
ation [33, 34]. Cyst epithelial cells are also relatively undifferen-
tiated as indicated by ultrastructural studies [35], distribution of
Na,K-ATPase on both apical and lateral membranes [35], and
elevated expression of clusterin [361. In the present study, we
observed that expression of Cux-1 was low in normal kidney at 21
days p.p., consistent with cessation of nephrogenesis by this
developmental stage. In contrast, cyst epithelial cells in polycystic
kidneys from C57BL/6J-cpklcpk mice continued to express high
levels of Cux-1 transcripts. Moreover, at 21 days p.p., mitotic
activity in polycystic kidneys is only slightly increased compared
with normal kidneys, whereas cyst epithelial cells remain highly
undifferentiated [34]. Thus, the markedly elevated expression of
Cux-1 that was observed correlates better with absence of cellular
differentiation than with increased proliferation.
Initially, we were motivated to study the expression of Cux-1 in
the mouse kidney because the Drosophila homologue, cut, was
required for development of Malpighian tubules which are the
insect excretory and osmoregulatory organ and the functional
counterpart of the mammalian kidney. The observation of high-
level, transient expression of Cia-I in the developing metane-
phros, raises the possibility that cut homologue function may be
phylogenetically conserved and that cut homologues may be
involved in the development of excretory organs in Drosophila and
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Fig. 6. Expression of Cux-1 in the developing bladder. Brightfield (a) and darkfield (b) images of bladder at 16.5 d.p.c. hybridized with antisense Cux-]
riboprobes. Cux-1 transcripts are most highly expressed in the transitional cell epithelium (T). Cux-1 transcripts are also detected in the smooth muscle
(SM) of the bladder but are absent from the lamina propria. Bar, 0.25 mm.
Fig. 7. Expression of Cux-] inpolycystic kidneys. Brightfield (a, c) and darkfield (b, d) images of kidneys from C57BLI6J-cpklcpk mice at 21 days of age
(a, b) or phenotypically normal, age-matched littermates (c, d) following in situ hybridization with antisense Cux-1 riboprobes. Cux-1 transcripts are
highly expressed in the cyst lining epithelium but arc minimally expressed in normal kidney. Bar, 250 m.
mammals. Consistent with this possibility, we also observed high viz., central nervous system, spiracles, and external sensory (mech-
levels of expression of Cux-1 in the developing brain, lung, dorsal anoreceptor/chemoreceptor) organs, and is required for normal
root ganglia, and mechanosensory whiskers (mystacial vibrissae). development of these tissues [8, 371. The phenomenon of evolu-
In Drosophila, cut is expressed in functionally analogous tissues, tionary conservation of function is now well-established for the
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Antp-type homeobox genes but has also recently been described
for diverged homeobox genes [5]. One example is Pax-6, which is
required for visual organ development in Drosophila and mice,
despite the considerable morphologic differences between the
eyes of the two species [38]. Further studies will be required to
directly test whether cut represents another example of a diverged
homeobox gene that exhibits evolutionary conservation of func-
tion.
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